Recurrent (e.g. parallel or convergent) evolution is widely cited as evidence for natural 24 selection's central role in evolution but can also highlight constraints affecting evolution. 25
In addition to ecological processes, the genetic mechanisms underlying recurrent 60 evolution can involve different sources of genetic variation (Rosenblum et al. 2010, 61 2014; Manceau et al. 2010) . As a first source, recurrent evolution can be due to 62 independent mutations and these may arise at the same site in the genome, at different 63 sites within the same gene, or within different genes in the same genetic network 64 (Karasov et al. 2010; Manceau et al. 2010) . Second, recurrent evolution can be derived 65 from the repeated 'quasi-independent' sorting of pre-existing alleles segregating as 66 standing genetic variation (Barrett & Schluter 2008) . For example, both threespine 67 stickleback (Schluter & Conte 2009 ) and Heliconius butterflies (Dasmahapatra et al. 68 2012; ) have repeatedly evolved similar phenotypes through selection 69 acting on standing variation. The distinction between these genetic mechanisms is also of 70 theoretical interest because evolution from standing variation can be more rapid, 71 particularly in smaller, mutation-limited populations ( context, quantitatively describing the genetic architecture of phenotypes involved in 74 recurrent evolution is a first step towards resolving these mechanisms (Arendt & Reznick 75 2008) . 76
Here we study the ecological and genetic mechanisms of recurrent evolution 77 using two species of Timema stick insects. The genus Timema is comprised of ~21 78 species of herbivorous insects that are endemic to southwestern North America and show 79 a wide range of within-and among-species variation in body coloration (Sandoval et al. 80 1998) . Frequently, the same colors are present in distantly related species of Timema 81 (Crespi & Sandoval 2000) , providing a well suited system for addressing questions about 82 the ecological and genetic basis of recurrent evolution. Here we focus on a green / 83 melanistic color polymorphism that is found within two distantly related species with 84 completely non-overlapping geographic ranges: T. cristinae and T. podura (Fig. 1) . These 85 species are estimated to have diverged from a common ancestor approximately 20 million 86 years ago (Timema have a single generation per year; Sandoval et al. 1998 ). Therefore, 87 they represent an interesting system in which to study recurrent evolution because it is 88 unclear if a shared genetic basis is expected between species that diverged so long ago 89 (Conte et al. 2012) . Details of the two species are as follows. 90
Timema cristinae is endemic to the coastal chaparral of the westernmost 91 mountains of the Transverse Ranges of southern California and is found on the two 92 primary host plants (Ceanothus spinosus and Adenostoma fasciculatum). Within 93 populations found on both host species, green and melanistic color phenotypes segregate 94 as a polymorphism and the frequency of the color phenotypes does not differ between 95 host species (Comeault et al. 2015) . Evidence indicates that these color phenotypes are 96 maintained by a balance of selective agents that are similar between hosts and include 97 selection for crypsis in leafy (green favored) and woody (melanistic favored) plant 98 microhabitats, differences in fungal infection between color phenotypes, and potential 99 fitness differences associated with climatic variation. Segregation of color in classical 100 genetic crosses and genome wide association (GWA) mapping indicate that T. cristinae 101 color phenotypes are controlled by a simple genetic architecture with most variation 102 explained by a single genetic region localized on a single linkage group (LG8), with the 103 green allele dominant to the melanistic allele (Comeault et al. , 2015 . 104
The other species we consider, T. podura, is endemic to the San Bernardino, Rosa 105
and San Jacinto Mountains of central southern California and also inhabits host plant 106 species in the genus Ceanothus (C. leucodermis) and Adenostoma (A. fasciculatum). Like 107 T. cristinae, T. podura has both a green and a melanistic color morph ( Fig. 1 ; melanistic 108 individuals have also been referred to as "grey" or "red"; Sandoval & Nosil, 2005) . 109
However, unlike T. cristinae the frequency of T. podura color phenotypes is different 6 between populations living on different host species: green T. podura are, to our 111 knowledge, not found on A. fasciculatum (Sandoval & Nosil 2005 color in T. cristinae we used 602 images of T. cristinae that were collected using the 156 same protocol outlined above in a previous study, but used only to qualitatively describe 157 color in T. cristinae (classified as green versus non-green body coloration; Comeault et 158 al. 2015) . Here, we report novel analyses of these photos based on quantitative 159 measurements of color. 160
In addition to images of insects, we recorded digital images of plant microhabitats 161 frequently encountered by Timema in nature, which have not been analyzed in past work. To quantify color we first recorded RGB values from linearized and corrected 175 digital images. For T. podura and T. cristinae we measured color on the lateral margin of 176 the second thoracic segment, and for plant microhabitats we measured areas of the given 177 microhabitat that lacked shadow and glare, using the polygon selection tool in ImageJ 178 (Abràmoff et al. 2004 ). We then recorded mean RGB values for each color patch using 9 the color histogram plugin in ImageJ. For each color patch we converted raw RGB values 180 to variables representing two color channels and one luminance channel as suggested by 181 Endler (2012). A red-green color channel (RG) was calculated using the relationship (R-182 G)/(R+G), a green-blue color channel (GB) as (G-B)/(G+B), and a luminance (i.e. 183 brightness; L) channel as (R+G+B) for each individual and microhabitat type (Endler 184 2012) . While this method of measuring color does not take into account the visual system 185 of the receiver or the light environment an object is viewed in, it does represent an 186 unbiased quantification of color that can be useful in a comparative context. Moreover, T. 187 cristinae does not reflect UV light (Comeault et al. 2015) indicating that the digital 188 images we use here likely capture a majority of the biologically relevant differences 189 between the color phenotypes. 190
Using RG, GB, and L values we quantified phenotypic overlap in color between 191 T. podura and T. cristinae. First, we used linear models to compare RG, GB, and L 192 values between green and melanistic T. podura color phenotypes, green and melanistic T. 193 cristinae color phenotypes, green T. podura and green T. cristinae, and melanistic T. 194 podura and melanistic T. cristinae. We also analyzed the position of the different color 195 phenotypes in phenotypic space using an approach analogous to that used by Beuttell & 196 Losos (1999) to quantify clustering of Anolis ecomorphs in multivariate phenotypic 197 space. Specifically, we first calculated the Euclidean distance between all individuals in 198 our sample (i.e. all pairwise comparisons) in RG -GB color space. We then used 199
Wilcoxon signed rank tests to determine differences in color distance between the same 200 colored individuals of the two species (i.e., the distances between green T. podura and 201 green T. cristinae or melanistic T. podura and melanistic T. cristinae) and either different 202 colored individuals of T. cristinae or different colored individuals of T. podura. These 203 analyses enabled us to ask whether the same color phenotypes of the two species are 204 closer to each other, in phenotypic space, than to the alternate color phenotype of their 205 own species. 206
To estimate the degree of color matching between the two color morphs of T. 207 podura and different plant microhabitats we calculated three measures of 'color 208 matching' by subtracting individual T. podura color (RG and GB) and luminance (L) 209 values from those of each of the five different plant microhabitats. We then determined 210 whether the different color phenotypes of T. podura differed in their degree of color 211 matching to different host plant microhabitats by comparing the difference between RG, 212 GB, and L values of different individual / plant-microhabitat combinations using nested 213 analysis of variance (ANOVA). We have previously described levels of color matching 214 between color phenotypes of T. cristinae and their host plant microhabitats using 215 reflectance spectra (Comeault et al. 2015) . However, we here carried out a parallel 216 analysis in T. cristinae based on the measures from photographs as described above. This 217 allowed us to confirm results obtained from reflectance spectra and to directly compare 218 results to those from T. podura. Within T. cristinae, we recovered qualitatively similar 219 results when using the RG, GB, and L metrics to those obtained from color analyses of 220 reflectance spectra that take into account both the visual system of the receiver and the 221 ambient light environment (see We extracted whole genomic DNA from 50 T. podura (19 green and 31 227 melanistic) that included the same 42 individuals used to quantify color from photographs 228 and 8 additional individuals sampled from the same population (qualitatively scored as 229
"green" or "melanistic") using Qiagen DNeasy blood and tissue kits (Qiagen). Following dataset that allowed us to map the genetic basis of T. podura color phenotypes. 245
We removed barcodes and the following six bp of the EcoRI cut site from raw 246 sequence reads, while allowing for single bp errors in the barcode sequence due to 247 synthesis or sequencing error, using a custom Perl script developed and implemented in 248 0 -L 20 -i S,1,0.50). We used samtools version 0.1.19 (Li et al. 2009 ) to sort and index 255 alignments. We used the reads mapped to the T. cristinae genome to generate a reference 256 consensus sequence of T. podura using samtools mpilup and bcftools. We used vcfutils.pl 257 with the vcf2fq command to filter out positions with a number of reads below 8 and 258
above 500, as well as those with a phred-scale mapping quality score lower than 20. 259
Filtered sites were coded as missing data. Subsequently, we used bowtie2 with the same 260 arguments used above to align 100,095,223 raw reads (76.8%) to this reference 261 consensus. As before, the alignments were sorted and indexed with samtools. 262
Variants were called using samtools, mpileup, and bcftools using the full prior 263 and requiring the probability of the data to be less than 0.5 under the null hypothesis that 264 all samples were homozygous for the reference allele to call a variant. Insertion and 265 deletion polymorphisms were discarded. We identified 638,828 single nucleotide 266 polymorphisms (SNPs) that were reduced to 137,650 SNPs after discarding SNPs for 267 which there were sequence data for less than 40% of the individuals, low confidence calls 268 with a phred-scale quality score lower than 20, and SNPs with more than two alleles. and SNPs with minor allele frequencies < 0.01 were excluded from these analyses. Here 308 we report the median and 95% credible interval (95% equal tail posterior probability 309 intervals [95% ETPPIs]) for PVE, PGE, PVE x PGE (an estimate of the total phenotypic 310 variation explained by only SNPs with large phenotypic effects), and n-SNP. 311
We carried out analyses to test the strength of the genetic signal in our data set to 312 accurately estimate hyperparameters. First, we conducted a permutation test using GWA 313 mapping in gemma as described above with five data sets generated by randomly 314 permuting phenotypic scores for each individual. Second, we performed cross validation 315 using the genomic prediction function in gemma to predict phenotypes of individuals 316 whose color phenotype was randomly masked from our data set (SI for details). 317
In addition to the hyperparameters described above, gemma provides the posterior 318 inclusion probability (PIP) and estimates the phenotypic effect (β) of each SNP that is 319 identified to have a non-zero effect on phenotypic variation in at-least one model 320
iteration. As such, PIP is computed as the proportion of BSLMM iterations for which a 321
given SNP is identified as having a non-zero β. Therefore, SNPs that are more strongly 322 associated with phenotypic variation will have larger PIPs and these SNPs are the 323 strongest candidates of being linked to the functional variant(s) underlying phenotypic 324 variation. Here we focus on high PIP as evidence that a given SNP is associated with 325 variation in T. podura color phenotypes. Because we found SNPs mapping to LG 8 to have the largest mean PIP in both T. 337 cristinae and T. podura (see Results), we assessed the likelihood that this pattern would 338 happen by chance using permutation tests. The purpose of these analyses was to 339 determine the probability that co-localization of SNPs with high PIPs is expected by 340 chance when we account for (1) the genomic distribution of SNPs in our data set and (2) 341 the distribution of PIPs observed for these SNPs. To determine whether there is statistical 342 evidence for clustering of PIPs at the level of LGs we randomly permuted PIPs without 343 replacement 10,000 times for both the T. podura and T. cristinae SNP data sets. During 344 this permutation procedure the number and location of SNPs along each linkage group 345 was maintained and therefore the only difference in these 10,000 data sets was the 346 distribution of PIPs across the genome. We calculated the proportion of permuted data 347 sets for which LG 8 had the largest mean PIP in both species. 348
We also tested whether there was evidence for the co-localization of candidate 349 SNPs within LG 8 by calculating the mean distance between two randomly sampled 350 scaffolds along LG 8. The distance between randomly sampled scaffolds was measured 351 in terms of the number of scaffolds separating the two sampled scaffolds because the 352 absolute distance between scaffolds (in bp) in the current version of the T. cristinae 353 genome is unknown. We repeated this procedure 10,000 times and determined the 354 probability that the distance observed between two randomly sampled scaffolds would be 355 less than or equal to the minimum observe distances between the top two T. cristinae, and 356 the top two T. podura candidate scaffolds. 357
358

Dominance relationships between alleles 359 360
We next determined dominance relationships of alleles at candidate SNPs in T. 361 podura using methods previously applied to T. cristinae (Comeault et al. 2015) . 362
Specifically, we computed the ratio of dominant to additive effects of alleles at each of 363 the loci identified by BSLMMs as having high PIPs. Dominance effects (d) are 364 calculated as the difference between the mean phenotype of heterozygotes and half the 365 phenotypic distance between the mean phenotypes of the two homozygous genotypes. 366
Additive effects (a) were calculated as half the phenotypic distance of the two 367 We then manually extracted and tabulated all InterPro or GO annotations for each 399 predicted gene located on these two scaffolds. 400
Previous work has shown that a SNP located in an intron of a gene encoding a 401 cysteinyl-tRNA synthetase is strongly associated with color phenotypes in T. cristinae 402 (Comeault et al. 2015) . The GWA mapping analyses carried out here revealed that SNPs 403 strongly associated with color in T. podura (i.e. the two candidate SNPs identified on 404 scaffolds 284 and 1806) map to different scaffolds than the scaffold containing the T. 405 cristinae candidate cysteinyl-tRNA synthetase gene (scaffold 842; see Results below). 406
We therefore determined whether any of the SNPs within the T. podura GBS data set are 407 found within, or near, this candidate gene. Because the T. podura data set does not 408 contain any SNPs mapping to this gene (see Results), we also determined whether the T. 409 podura SNPs mapping to scaffold 842 were in strong LD with the two candidate SNPs 410 we identify here. The goal of these analyses was to determine the likelihood that our data 411 set contained SNPs that would recover a relationship between color and the candidate 412 Fig. 1b ). Therefore, while there are slight differences in the 435 color of green T. podura and green T. cristinae, these phenotypes cluster tightly in 436 phenotypic space and are more similar in color to each other than to differently colored 437 individuals of their own species (U = 315,985,777, P > 0.0001; Fig. 1b) . The PIP of candidate SNP 2 is 0.102 and the model-averaged estimate of β is 4.25. 470
Further cross-validation analyses revealed effects of this size are unlikely to arise 471 from random associations within our data sets. For example, BSLMM analyses repeated 472 using randomly permuted phenotypic data sets did not recover any SNPs having large 473 effects on phenotypic variation in > 10% of model iterations and confidence intervals for 474 hyperparameter estimates spanned nearly the entire interval [0,1], indicating a strong 475 genetic signal within our observed data (Fig. S3 ). This strong genetic signal was also 476 confirmed by our ability to accurately predict the phenotype of individuals from 477 genotypic information alone (prediction accuracy = 96.8%; SI; Fig. S4 ). 478
22
We explored whether genomic regions with a large effect on color variation were 479 statistically concentrated on LG 8 by calculating the mean PIP for SNPs at the level of 480 both LGs and scaffolds. Mean PIP differed significantly across the 13 LGs (proportion 481 test; χ 2 = 21731.33, d.f. = 12, P < 0.001). SNPs mapping to LG 8 had the highest mean 482 PIP of all LGs (mean PIP = 0.000111; Figure 4a ) and this mean PIP was nearly an order 483 of magnitude greater than the LG with the second largest mean PIP (LG 1; mean PIP = 484 0.0000194). The two scaffolds with the highest mean PIP were both located on LG 8 and 485
had mean PIPs of 0.0118 and 0.00161 (scaffolds 1806 and 284, respectively; Figure 4b ). 486
Notably, these two scaffolds are also the two scaffolds that contain candidate SNPs 1 and 487 2, respectively. 488 489
Co-localization of regions associated with color in the two species 490 491
Further analyses show the co-localization of candidate SNPs in the two species on 492
LG 8 is unlikely to happen by chance. Permutation of PIPs within T. podura and T. 493 cristinae data sets show that the probability of LG 8 having the highest mean PIP in both 494 species by chance is 0.0067. Within LG 8, the probability that the two candidate scaffolds 495 in T. podura and T. cristinae are less than or equal to nine and eighteen scaffolds away 496 from each other (the minimum empirical distances we observe between the top two T. 497 podura and T. cristinae candidate scaffolds; 
Dominance relationships between alleles and linkage disequilibrium analyses 503 504
Dominance relationships of alleles at T. podura candidate SNPs 1 and 2 show that 505 melanistic alleles are recessive to green alleles: d/a ratios for the two candidate SNPs 506 identified by BSLMMs are -1 and -0.93, respectively ( Figure 5 ). Genotypes at these two 507 candidate SNPs are also in strong LD (r 2 = 0.7917; D' = 0.9091; Table 2 ). When 508 compared to genome-wide expectations, estimates of LD between the two candidate 509
SNPs are much greater than mean LD, and tended to be greater than the 95% empirical 510 quantile of LD within each SNP's respective scaffold, for 1000 SNPs randomly sampled 511 from LG 8, or for 1000 SNPs sampled from across the genome (Table 2) . 512 513
Functional annotation of genomic regions containing candidate SNPs 514 515
The two T. podura candidate SNPs we identified in this study map to two 516 scaffolds of the T. cristinae genome that contain a total of 18 predicted genes with either 517
InterPro or GO annotations (Table S1 ). However, both candidate SNP 1 and 2 map to 518 intergenic regions and are 13.6 and 4.3 Kb away from the nearest gene, respectively. 519
Candidate SNPs 1 and 2 do not map to the scaffold of the T. cristinae genome 520
containing SNPs most strongly associated with color phenotypes in T. cristinae (scaffold 521 842; Figure 4b and d ; Comeault et al. 2015) . In addition, none of the 39 SNPs that map to 522 this scaffold were located within the putative cysteinyl-tRNA synthetase gene (positions 523 261250 to 286518) that contained SNPs associated with color variation in T. cristinae 524 (Comeault et al. 2015) . The two T. podura SNPs that are closest to this cysteinyl-tRNA 525 synthetase gene are located 1154 bp downstream of its downstream terminus and 8033 bp 526 from its upstream terminus. Median r 2 between the 39 T. podura SNPs mapping to 527 scaffold 842 and the two T. podura candidate SNPs we identify on scaffolds 1806 and 528 284 are 0.0204 and 0.0191 (median D' = 0.3785 and 0.4493) and the maximum pair-wise 529 r 2 is 0.7158 and 0.8502 (maximum D' = 1.000 and 1.000), respectively. These patterns of 530 LD suggest that the candidate SNPs we identify for T. podura tend to be in low LD with 531
SNPs on the candidate scaffold identified in T. cristinae. However, some SNPs on this 532 scaffold are in elevated LD with the T. podura candidate SNPs and do not preclude the 533 possibility that they are tagging the same functional variation associated with color in T. (Table 1) . 543 Therefore, our results highlight how similar phenotypic variation can repeatedly evolve 544 as a result of different forms of selection (Losos 2011) . The fact that there are minor 545 differences between green phenotypes of T. podura and T. cristinae suggests that there 546 are either different alleles at the color locus in the different species (if they indeed share 547 the same locus), 'modifier loci', an effect of genomic background, small dietary effects 548 that influence the expression of the green phenotype in these two species, or a 549 combination of these processes. 550
An important and outstanding question that we were unable to address here is 551 whether color phenotypes of different species of Timema evolve via independent de novo 552 mutations, ancestral polymorphism, adaptive introgression, or a combination of these 553 mechanisms (Martin & Orgogozo 2013) . However, our results suggest that the same 554 genomic regions control color phenotypes in both T. podura and T. cristinae, and 555 certainly the genetic architecture of these traits shares some similarities between species. 556
557
The genetic architecture of color 558 559
We show that color in both T. podura and T. cristinae is controlled by similar 560 genetic architectures (i.e., one or a few loci on LG 8 with dominance of the green allele; 561 Figure 3 ). We observed strong LD between the two candidate SNPs identified for T. 562 podura ( Table 2 ), suggesting that these two SNPs may be tagging the same functional 563 variant and that color phenotypes of T. podura are controlled by a single locus of large-564 effect. These two SNPs also map to the same linkage group (LG8) as the locus 565 controlling color phenotypes in T. cristinae (Comeault et al. 2015) . We were unable to 566 test whether the same SNPs are associated with color variation in both species because 567 the GBS data set analyzed here did not contain any SNPs within ~1 Kb of the candidate 568 gene identified in T. cristinae (Comeault et al. 2015) . 569
Despite not knowing the specific causal variants, some aspects concerning the 570 genetic basis of color are clear. For example, dominance relationships of alleles 571 associated with these color phenotypes are shared between these two species: the green 572 allele is dominant to the melanistic allele (Comeault et al. 2015) . Moreover, using multi-573 locus GWA mapping, we have shown that genotype -phenotype associations co-localize 574 to two regions of LG 8 and that this is unlikely to be due to chance. Taken together, these 575 results suggest that the same gene (or group of genes) control color in these two species. 576
Testing this hypothesis will require further fine scale mapping. 577
Determining the causal mutations controlling phenotypic variation in color in 578
Timema would facilitate a better understand the evolutionary history of this variation 579 Dominance relationships at the locus that controls color in the studied species will 594 result in melanistic alleles being hidden from selection in heterozygous individuals. This 595 will likely have two general effects: (1) recessive melanistic alleles will be maintained 596 within populations when they are maladaptive longer than green alleles and (2) dominant 597 green alleles will be able to respond to selection more quickly when at low frequencies in 598 a population compared to melanistic alleles. In T. podura the melanistic phenotype, to our 599 knowledge, is fixed within populations living on Adenostoma (Sandoval & Nosil 2005) . 600
This suggests that there is strong selection acting against the green phenotype on 601
Adenostoma, which is supported by past predation experiments (Sandoval & Nosil 2005) 
